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P A C S  n u m b ers: 13 .25 .H w ,14.40.L b
This L etter describes our investigation of the prop- excited sta tes of the D  meson th a t have small decay 
erties of semileptonic decays of B  mesons to  orb ita lly  w idths. In the sim plest case, these sta tes consist of
4a charm  quark and a light quark  in a s ta te  w ith or­
b ita l angular m om entum  equal to  one. In the lim it of 
a large charm  quark m ass m c ^  A qCD, one doublet of 
s ta tes w ith j  =  3 /2  (D 1, D* ) and another doublet w ith 
j  =  1 /2  (D *, D 1) are predicted to  exist, where the an­
gular m om entum  j  is the  sum  of the light quark  spin and 
orbital angular m om entum . C onservation of parity  and 
angular m om entum  restric ts the final sta tes th a t are al­
lowed in the decays of these particles collectively known 
as D** mesons. The sta tes th a t decay through  a D-wave, 
D 1 and D *, are expected to  have small decay widths, 
O(10 M eV /c2), while the sta tes th a t  decay th rough an 
S-wave, D* and D 1, are expected to  be broad, O(100 
M eV /c2).
The ra tio  R  of the semileptonic branching fractions of 
the  B  meson to  D 1 and D* :
B ( B ^  D*2lv)
B(B  —> Dili/) ’ 1 J
is one of the  least m odel-dependent predictions of Heavy 
Q uark Effective Theory (H Q ET) [1] for these states. This 
ra tio  is expected to  be equal to  1.6 in the infinite charm  
quark  m ass lim it [2], bu t it can have a lower value once 
O (1 /m c) corrections are taken  into account [3, 4]. To­
gether w ith the m easurem ent of the corresponding ratio  
R n for the non-leptonic decays B  ^  D**n, determ ination 
of R  will provide im portan t tests of H Q ET and factor­
ization of the non-leptonic decays [3].
The narrow  D ** mesons have been previously studied 
by several experim ents, m ost recently a t Belle [5] where 
the ra tio  R n was m easured. The semileptonic decay frac­
tions of B  mesons to  D ** mesons were reported  previ­
ously by the ARGUS [6], CLEO [7], OPAL [8], A LEPH  
[9], and DELPH I (as prelim inary) [10] collaborations, 
w ith only the la tte r m easuring the fraction of B  ^  D * lc  
and the others setting  upper lim its for this decay mode.
The d a ta  set used for this analysis corresponds to  
«  460 p b-1 of in tegrated  lum inosity accum ulated by the 
D 0  detector between April 2002 and Septem ber 2004 
in p ro ton-an tipro ton  collisions a t the Ferm ilab Tevatron 
collider a t centre-of-mass energy 1.96 TeV. The D 0  de­
tecto r has a central tracking system  consisting of a sili­
con m icrostrip  tracker (SMT) and a central fiber tracker 
(C FT) [11]. B oth  are located w ithin a 2 T  supercon­
ducting solenoidal m agnet and have designs optim ized 
for tracking and vertexing for |n| <  3 and |n| <  2.5 
[12], respectively. The SM T has a six-barrel longitudinal 
structu re , each w ith a set of four layers arranged axially 
around the beam  pipe, and interspersed w ith 16 radial 
disks. Silicon sensors have typical s trip  pitch of 50 — 150 
Um. The C FT  has eight th in  coaxial barrels, each sup­
porting  two doublets of overlapping scintillating fibers of 
0.835 m m  diam eter. The next layer of detection involves 
a preshower constructed  of scintillator strips and a liquid- 
a rgon /u ran ium  calorim eter. An outer m uon system , cov­
ering |n| <  2 , consists of a layer of tracking detectors and
scintillation trigger counters in front of 1.8 T iron toroids, 
followed by two sim ilar layers after the toroids [13]. A 
suite of single-muon online triggers was used to  record 
the d a ta  set while offline only inform ation from the muon 
and tracking system s was used in th is analysis.
P roduction  of narrow  D** mesons in B  ^  
D*- n + u + v MX  decay m anifests itself as resonance peaks 
in the D*- n+ [14] invariant m ass spectrum . To perform  
the m easurem ent, the semileptonic branching fractions 
of B  mesons to  the D ** mesons were norm alized to  the 
B  ^  D*- u + vmX  process.
Initially, a sample of u ± D 0 candidates was selected 
by requiring a m uon w ith transverse m om entum  pT > 
2 G eV /c and  |r|ß | <  2. D 0 mesons were reconstructed 
th rough their decays into K + n - . Two tracks w ith p T > 
0.7 G eV /c and |n| <  2 were required to  belong to  the 
same je t and to  form a common D 0 vertex following the 
procedure described in detail in Ref. [15]. To increase the 
signal yield, the event selections of Ref. [15] were relaxed 
by removing the explicit requirem ent th a t the p T of the 
D 0 exceeds 5 G eV /c. In to ta l 216870±  1280 (sta t) u + D 0 
candidates were found.
D *-  candidates were selected th rough their decays into 
D 0n -  by requiring an additional track  w ith p T >  0.18 
G eV /c and the charge opposite to  th a t of the muon. The 
mass difference A M  =  M (K n n ) — M (K n ) for all such 
tracks w ith assigned pion m ass is shown in Fig. 1 for 
events w ith 1.75 <  M (K n ) <  1.95 G eV /c2. The signal 
was described as the  sum  of two G aussian functions and 
the background as the sum  of exponential and first-order 
polynom ial functions. The to ta l num ber of D *- candi­
dates in the  peak is 55450 ±  280 (sta t) and is defined as 
the num ber of signal events in the mass difference window 
between 0.142 and  0.149 G eV /c2.
To select a sample of B  ^  D*- u+ vMX  decays used 
la ter bo th  for the signal search and for the norm alization, 
B  candidates were defined using the u+  and D*-  p ar­
ticles. All tracks used for the reconstruction of the B 
candidate had  to  have a t least two SMT and six C FT  
hits. The decay length of the  B  meson, defined in the 
axial plane [16] as the distance between the prim ary  ver­
tex [15] and the B  meson vertex, was restric ted  to  be less 
th an  1 cm, the uncerta in ty  on the B -vertex axial position 
had to  be less th a n  0.5 mm, and the x 2 of the B -vertex 
fit had  to  be less th an  25 for three degrees of freedom. 
The significance of the decay length in the axial plane 
and the proper decay length of the B  meson [15] were 
required to  exceed 3.0 and 0.25 m m  respectively. The 
significance is defined as the ra tio  of the decay length to  
its uncertainty. The last selection reduces the  cc contam ­
ination  in the u + D 0 sample [15]. After these selections, 
the to ta l num ber of D *- candidates in the invariant mass 
difference peak is N D* =  31160 ±  230 (stat).
D ** decays can be selected by combining the  D * can­
didates w ith an additional track  w ith assigned pion mass. 
The track  was required to  have a charge opposite to  th a t
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FIG. 1: Distribution of the mass difference M  (K nn) —M  (Kn) 
for events with 1.75 < M (K n) < 1.95 GeV/c2. The fit func­
tion describes the signal as the sum of two Gaussian functions 
and the background as the sum of exponential and first-order 
polynomial functions. The signal contribution is also shown 
separately. The hatched histogram corresponds to the same- 
sign combination of the muon and pion charges.
of the D*, p T >  0.3 G eV /c, and a t least two SMT and 
six C FT  hits. Pions from the D ** decay can also be 
selected by their topology since the corresponding track 
originates from the B -vertex ra th e r th an  from the pri­
m ary  vertex. The im pact param eters (IP) in the axial 
plane w ith respect to  the prim ary  and w ith respect to  
the B -vertex were determ ined for each track. In order to  
select tracks belonging to  the B -vertex, the  ra tio  of IP  
significances of the track  for the prim ary  and B  vertices 
was required to  be g reater th an  four and the IP  signif­
icance w ith respect to  the  prim ary  vertex was required 
to  be greater th an  one. The IP  significance is defined as 
the ra tio  of the im pact param eter to  its uncertainty.
The D ** invariant m ass d istribu tion  after all selections 
is shown in Fig. 2 where the D * mass from the Particle 
D ata  G roup (PD G ) [17] has been used as a m ass con­
stra in t. The observed mass peak can be in terp reted  as 
two m erged narrow  D** states, D° and D*0.
The d istribu tion  was fit using a sum  of two relativistic 
B reit-W igner functions G Dl and G D*, corresponding to  
the two narrow  D ** sta tes w ith the num bers of events 
N Dl and N D* respectively, and a second-order polyno­
mial f b describing the background, see Eq. (2).
f (x )  =  N D1 • G D1 +  N D  • G D* +  f b(x); (2)
Gi
M i r (x )
(x2 — M 2)2 +  M 2r ( x )2
r (x )  
F  (2) (k ,k0)
^ ■ ~ ( y ) 2L+1 -F^iKko); 
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FIG. 2: The invariant mass M (D* n). Event selection is de­
scribed in the text. The points correspond to the D *n combi­
nations with opposite charges, and the hatched histogram cor­
responds to the same-charge combinations. The distribution 
was fit with a sum of two relativistic Breit-Wigner functions 
corresponding to two narrow D ** states and a second-order 
polynomial describing the background. The contributions of 
D0 and D* 0 to the fit are shown separately.
In the formulas above, x is the  D* n  invariant mass 
and M* and r* are the mass and w idth of the corre­
sponding resonance. The variables k and k0 are the  pion 
three-m om enta in the  D ** rest frame when the  D ** has 
a four-m om entum -squared equal to  x 2 and M i2, respec­
tively. F (2) (k, k0) is the Blatt-W eisskopf form factor for 
D-wave (L =  2) decays of D** mesons [18], and z =  1.6 
(G eV /c)-1 is a hadron  scale corresponding to  the case 
of the  charm  quark. Resi is the  m ass resolution func­
tion  described by two G aussian functions w ith the pa­
ram eterization determ ined from M onte Carlo (MC) sim­
ulations. The second G aussian describing the resolution 
corresponded to  28% of events and was wider by a factor 
of 2.2 th an  the first one. The stan d ard  D 0  sim ulation 
chain included the E V T G E N  [19] generator interfaced to  
P Y T H IA  [20] and followed by full G E A N T  [21] modeling 
of the detector response and event reconstruction. The 
MC resolution was scaled up  by 20% to  account for the 
the difference between the d a ta  and  the MC, where the 
scaling factor was estim ated by com paring the D * mass 
resolution in the d a ta  and MC. The m ass resolution used 
for the  fit (sigma of the  first G aussian in the resolution 
function) was 8.2 M eV /c2 for D 0 and 9.4 M eV /c2 for D *0 
after the scaling.
The param eters of the  background function were de­
term ined by fitting the d istribu tion  of the sam e-charge 
com binations, fixing the function shape param eters, and 
allowing the overall norm alization of the background to  
float in the m ass fit. The m ass difference between D 0 
and D *0 and the w idths of D 0 and D *0 were fixed in the 
fit using their corresponding values from the PD G  [17]:
6TABLE I: Relative systematic uncertainties on the semilep­
tonic branching fraction to both narrow states, Ed ** ; the 
semileptonic branching fractions to D° and to D |° , E d1 and 
Ed * ; and their ratio Ed * /B Di .
Source E d ** B Dl B d * BD?/B Dl
B(b —> D*~£+v X ) 7% 7% 7%o -
Mass resolution 2% 4% 5% 8%
r Di 3% 11% 16% 24%
r  d* 2% 2% 11% 13%
A M 1% 3% 6% 9%
MC statistics 2% 2% 2% 3%
ec** modeling 3% 3% 3% 2%
Wide resonance 5% 5% 5% 2%
Interference effects 2% 2% 2% 2%
D* fit and D** bkg fit 4% 4% 4% 1%
Total uncertainty 12% 16% 24% 30%
36.7 ±  2.7 M eV /c2, 18.9-35 M eV /c2, 23 ±  5 M eV /c2. 
The num bers of events in the two narrow  sta tes de­
rived from the fit, N Di =  467 ±  39 (sta t) and N d * =  
176 ±  37 (sta t), were used to  determ ine the  to ta l num ­
ber of events N d ** =  643 ±  38 (sta t), and the ra tio  
N d * /N Di =  0.378± 0.086 (sta t), where the  uncertainties 
take into account correlation between the variables. The 
X 2 of the fit a t the  m inim um  is 46.9 for 46 degrees of 
freedom.
The branching fraction for the decays B  ^  D **^,+ vMX  
can be determ ined by norm alization to  the  known value 
of the branching fraction B(b ^  D*—1 + v X ) =  (2.75 ±  
0.19)% [17]. The following two formulas were used for 
the calculations:
B(C ^  B )  ■ B (B  ^  D * V + vMX ) ■ B (D ** ^  D*—n+ ) =
n  d * t  d **
B (B  -► D f p + V p X )  • B ( D ?  -► D * -n + )  N D* eDl 
B { B  -+ 5 ^ + ^ X )  • B ( D l  D * -n + )  ~  N Dl ' eD. '
N d ** and N d * are the  num bers of D** and  D* candi­
dates as defined above. The D** no ta tion  stands for D 0 
or D *0 or bo th  of them , (D 0, D*0). t D** is the  efficiency
to  reconstruct the charged pion from the D** decay de­
term ined from the MC and equal to  (47.2 ±  1.0 (stat))%  
for the  D0 meson and (45.4 ±  1.2 (stat))%  for the  D *0
meson. C ontributions from B s mesons, Ab baryons,
(*) — - B  ^  D (s)D* X  decays and the cc process to  the sample
were found to  be small and have been neglected [15].
T he relative system atic uncertainties on the  branch­
ing fractions and of their ra tio  are sum m arized in Ta­
ble I . The contribution due to  uncerta in ty  in B (b ^  
D*—1 + v X ) was determ ined from the uncerta in ty  on this 
branching fraction. The system atic uncertain ty  caused 
by the MC m ass resolution was estim ated by varying 
the resolution by ± 20%. C ontributions due to  lim ited 
knowledge of the D** masses and w idths were com puted 
by refitting the m ass d istribu tion  after varying these pa­
ram eters w ithin their uncertainties. The system atic un­
certa in ty  due to  efficiency modeling accounts for the  vari­
ation  caused by a possible m ism atch between the p T spec­
tra  of reconstructed  particles in the d a ta  and MC.
T here are predictions and possibly observations [5] of 
a wide resonance D  ® w ith  a mass of 2430 M eV /c2 and a 
w idth of 380 M eV /c2 predom inantly  decaying to  D *—n+. 
This resonance is not apparen t in our da ta , and it was 
not used in the fits. The system atic uncertain ty  caused 
by a possible contribution  of th is resonance was evalu­
ated  allowing for another Breit-W igner function in the 
fit, w ith  the mass and w idth  fixed to  the wide resonance 
param eters.
Any interference effects between the D  0 and D *0 m ust 
average to  zero after in tegration  over all angles under the 
assum ption of equal acceptances. The validity of this as­
sum ption has been checked and the corresponding uncer­
ta in ty  assigned. The system atic uncerta in ty  due to  the 
fitting procedure was estim ated  by varying the functions 
describing the backgrounds for the D* and D** m ass dis­
tribu tions and also the function describing the D* mass 
peak. The to ta l system atic uncertain ty  was found by 
sum m ing all the above sources in quadrature .
Using the num bers defined above, the semileptonic 
branching fractions of B  mesons to  D** mesons and their 
ra tio  are:
B(C ^  B) ■ B (B  ^  (D 0, D *°)M+vMX ) ■ B ((D 0, D *0) ^  D *—n+) 
B(b ^  B) ■ B (B  ^  D  0m+ vmX ) ■ B (D  0 ^  D *—n+) 
B(C ^  B) ■ B (B  ^  D* V + vMX ) ■ B(D* 0 ^  D *—n+) 
B (B  -► D f n + v ^ X )  ■ B ( D f  D *-ir+ )  
B (B  -► D l n + v ^ X )  ■ B{D°l -► D*~tt+)
I----------
(0.122 ±  0.007 (sta t) ±  0.015 (syst))%  
(0.087 ±  0.007 (sta t) ±  0.014 (syst))%  
(0.035 ±  0.007 (sta t) ±  0.008 (syst))%
0.39 ±  0.09 (sta t) ±  0.12 (syst).
U pon using the input B(b ^  B) =  (39.7 ±  1.0)% [17], assum ing isospin conservation and th a t the D  1 me-
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